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Outline

@ Introduction: Importance of H-mode pedestal
structure and dynamics

@ Edge transport barrier, ETB, width results
@ Edge stability
@ Type | ELM effects
@ Alternatives to the Type | ELM regime
Small ELM regimes
ELM free regimes

T. Osborne, HMWS03



T.(p =04) (keV)

ETB structure is expected to strongly influence the
performance of H-mode based BP Tokamak
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Type | ELM H-mode may not be compatible

with BP Tokamak or ITB

@ Type | ELM H-mode has high W, but

AW, ,, can exceed divertor power
handling capability or lead to ITB

collapse.
@ Physics of AW,
@ Alternatives to Type | regime
= Small ELM

Type Il ELM
Type lll ELM
Grassy-ELM

= ELM free but no impurity
accumulation

EDA-H-mode
QH-mode
HRS-H-mode

= ELM Control
Ergodic boundary
Pellet injection

T. Osborne, HMWS03

ITER-FEAT melting and
ablation threshold requires
< 1MJ/m?/ELM to divertor
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Transport Barrier Width

@ Physics bases empirical scalings.

@ Role of neutrals in edge density profile and
ETB width

@ Dimensionless scaling experiments
@ Turbulent transport modeling



Physics based empirical scaling of A have not yielded a statistically
favored scaling that has held up to testing across experiments
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Accurate measurement of barrier
width difficult

Databases made up of ELMing
discharges highly constrained by
stability

Magnetic shear unmeasured until
recently (D.Thomas - F2)

Neutral source profiles difficult to
determine experimentally

Expressions too simple
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Does the edge particle source control the pedestal
density profile and also perhaps the ETB width ?
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ETB width related to edge particle source ?

@ Hinton, Staebler!: Velocity shear can take on any value consistent with
radial force balance = structure of particle and heat sources can control
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Pedestal dimensionless parameter scaling experiments to
test role of neutrals and determine A scaling

@ Dimensionally identical experiments match plasma shape and
dimensionless parameters at top of pedestal in different size tokamaks:
CMOD/DIII-D, CMOD/JET, JET/DIII-D, JET/JT-60U, AUG/DIII-D.
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@ Assuming dimensionless scaling and not neutral penetration applies
carry out single dimensionless parameter scans to determine
dimensionless scaling: JET/DIII-D A(py
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Ala, B+, ELM behavior all match under dimensionally identical
comparison experiment

pedestal conditions in
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Discharges with matched dimensionless pedestals have

similar ELM behavior in CMOD/DIII-D comparison experiment
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CMOD/JET, JET/DIN-D pedestal dimensionally
Identical experiments also give ALk
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T (keV)

Dimensionally identical pedestals where not obtained in the
JET/JT-60U exp possibly due to different rotation profiles
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No strong variation of A; with p. in JET/DIII-D pedestal
dimensionless scaling experiment ( )

@ B, vy, qfixed as Bis varied p. ~ A*a™°B™"
@ Neutral penetration increases at low B An ~
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Neutral particle transport simulations suggest control of ETB extent by
neutral source may still be consistent with dimensionally identical exps

@ KN1D 1-D kinetic neutral transport code predicts similar AAN
for JET/DIII-D/COM for dimensionless scaling values of
n,FPED rather than Ay ~a

= Since Ay is comparable to A, density gradient has a
strong effect on A
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Asdex-Upgrade results suggest edge T, and n_ profiles
may be tied together by edge turbulence constraint

The AUG edge barrier satisfy
N.~2, perhaps indicating that
residual ETG turbulence is
controlling transport across
the barrier

The profile deviates from
N.~ 2 only in the plasma
core.

L. Horton — B20

T. Osborne, HMWS03

10

—

electron temperature [keV]
o

0.01

—y =0.046515 * x*(1.7886) R=0.68558

0.5< p < 0.95

C

electron density [1 0" m‘3]

10

16



Predictive modeling of H-mode pedestal wit

GLF23 drift wave + NCLASS
neoclassical predicts n;, T;, T, Vv,
in DIII-D pedestal

Experimental values as boundary

condition at p=0.95

Steady-state solution for single
time slice using XPTOR code

Magnetic shear in pedestal
strongly affects results

Reasonable agreement with data
when ITG/TEM transport
marginally unstable (not quite
neoclassical)

n (1019 m's)

T (keV)

J. Kinsey — C13

T. Osborne, HMWS03
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ETG/TEM at low k important for ion and particle
flux near edge, will be added to GLF in near future
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Modeling of entire profile with MMM transport
coefficients + additional shear effect in pedestal

@ ExB velocity shear + magnetic shear= pedestal in MMM + B2/Eirene model
» but appreciably lower than experiment G. Pacher — C15
» additional magnetic shear stabilization is therefore postulated.

@ MMM transport gives good profile shape = threshold for additional shear
stabilization.

X = X NHees /(G 1, )inax (1, (s 1))
G and t derived from JET predict AUG pedestal values
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ETB width summary, conclusions

@ Attempts to derive a empirical expression for ETB width from
scalar databases not successful

results might emerge from improved diagnostics

@ Significant support for edge neutral source controlling density
pedestal

@ Role of neutrals in setting ETB width and applicability of
dimensionless scaling still unclear

2-D kinetic neutral transport simulations should be applied
to inter-machine comparison experiments

Need for integrated SOL/CORE modeling

@ Extension of turbulent transport models through pedestal in
the near future very promising

AUG n.~2 result suggest ETG

Important to produce set of high quality experimental
profile and equilibrium time histories.

T. Osborne, HMWS03 20



Edge Stability in Type | ELM regime

@ Need for extension of ballooning mode model
@ Peeling ballooning mode stability

@ Experimental support for PB mode association with
ELM

@ ELITE code as a tool for understanding edge stability
space.

T. Osborne, HMWS03 21



Edge second stable access allows p',zy t0 exceed
n=« pallooning mode pressure gradient limit
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Both P'pep And J°EP Important in
Peeling-Ballooning Mode Stability Boundary

o Higher J°EP ( reduced shear) stabilizes high n ballooning
modes (second stab) but drives intermediate n peeling modes

* P'pep and JEP interact through Jpoor

T UNSTABLE

7
7
7
7

)] -7
'

7
7
7

7
Ry
)
RAAN

-, 7 O\N “e\’N\
l e v ngher
- g Collisionality

H.R. Wilson, P.B. Snyder

n = 40 N\

’
P PED

T. Osborne, HMWS03

nh=2
W N
NSTABLE
AN
=10

n
»\%@;9/3

o

p PED 23



Observations consistent with low n, ideal, edge localized,
peeling-ballooning as mode associated with Type | ELM
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PB mode model consistent with results on other tokamaks

@ Alcator C-Mod 700
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Nn=8-10 mode at ELM In 25us time exposure on MIAST

A. Kirk — B18




AUG ELM precursor studies suggest two phases
In ELM instability
@ HF (300-500kHz,

m=10-15) clamps
TePED
@ LF Mode at crash

@ Conner: p’ clamped at
ballooning boundary, j
Increases until peeling
mode is triggered
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ELITE is a Highly Efficient 2D MHD Code for n>~5

ELITE is a 2D eigenvalue code, based on ideal MHD (amenable

to extensions):

-Generalization of ballooning theory:
1) incorporate surface terms which drive peeling modes
2) retain first two orders in 1/n (treats intermediate n>~5)

-Makes use of poloidal harmonic localization for efficiency
-Successfully benchmarked against GATO, MISHKA and MARS

[H.R. Wilson, P.B. Snyder et al Phys Plas 9 1277 (2002); P.B. Snyder, H.R. Wilson et al Phys Plas 9 2037 (2002).]
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Trends in Existing Pedestal Database Can Be
Understood Using Stability of Model Equilibria

g‘- ' 4. ' ' 10 T T T T T T T
ol —— Stability Calculatlon- 9:4, . Stability Calculation
bo .,j:' ) -« - Cdculation without ‘]bootstrap
: ;
=
23t Ve 1
2 S
Q"*. . Q 4 i
go 3
= o
p—
Sqt ta 7 2 .
7]
< 3
Qo
£ 1 1 1 O 1 1 L 1 1 1 1
o 2 4 5 8 10 0.0 0.1 0.2 0.3 0.4 0.5
. 19 -3 . .
Pedestal Density (10" m™) Triangularity ()

@ Trends with density and triangularity calculated using series of
model equilibria, and compared to database

“ Inputs are B, |, R, &, K, 8, <n>, A
@ Strong increase in pedestal height with triangularity is due to
opening of second stability access

» Bootstrap current plays a key role here. Without it (dashed line)
second stability is not accessed at high n and strong o trend not

. predicted P.B. Snyder —B11 )



Edge Stability in Type | ELM regime:
Summary, Conclusions

@ Substantial evidence for PB mode setting edge
stability limit in Type | regime

@ ELITE code provides a efficient tool for computing
edge stability

Efforts toward building up a database of stability
runs under different discharge conditions should
provide a better understanding of trends in the
data and aid in future tokamak design

T. Osborne, HMWS03 30



Physics based pedestal pressure empirical scaling

@ p’ set by ballooning mode P
stability modified by termsto Py = (—) aitD e Doy Uy 30
account for stronger shape 4P
dependence in PB modes (dr it = (W)OF(Shape’ﬁp)

@ Barrier width scaling taken G c o c
as a fraction of ppg,. F(shape,S5,) Uk (1+0) A= (P IRy)™
PLH — 2 84M—1 BOBZHGO.SSRaO.Sl

100

~ RMSE=25.8% - B .», 2
f o 3 )= 2;:0 ( =) ()
T 10 . .
S v ITPA Database of
% : y Type | ELM Discharges +
. WA CMOD Type Il
o 1. s 5 ASDEX-U |
i < C-MOD
- m DIII-D 1
| o JET ]
* + JT-60U :
0.1 Y T Y M. Sugihara — C7
0.1 1 10 100

P model (kPa)

T. Osborne, HMWS03 p e d



T. Osborne, HMWS03

Understanding Type | ELM Affects

@ Scaling of ELM energy loss

@ Extent of ELM-affected region

@ Connection to PB linear eigenmode

@ Nonlinear stability physics

@ Transport simulation including ELM dynamics

32



1. Usporne, Hivivw

AW, \, IS proportional to Wy,. ELM effect extends well
beyond ETB. Extent of ELM relatively fixed as AW, ,, varies.

ELM effect to p~0.75
in <400us
ELM-affected region

larger with strong
shaping (AUG)

O=ApV
A =pV, Before ELM

PED

ﬁE_ﬂu.p /2]
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AWg, w/Wpgp is reduced at high n PEP /nSW v, 1,....

Normalized pedestal density

0.087

PED

=

~ 0.067

ELM

= 0.04]

0.027

O type-I (low-3)
} ® type-I (mid-5,)

%%zf

PED GW
ne / n

Pedestal collisionality

AUG

Hig

H. Urano — D8 "PED

0.4 Pm-p ]
[ 6y = 0.2
0.3 . |
. AW,/ Weep
0.1 ) 'é. ]
L [ ¢ i
. DIII-D :
ool . . | T
05 1.0
PED/nGW
AW, W covers a range well beyond
what would e tolerable in ITER-FEAT
AW, W reduced at high density,

increased with shaping on AUG

Important to understand and possibly exploit
the density dependence to produce
tolerable ELMs

Presently no consistent scaling law for
AW, W ep Which covers all tokamaks



Different n’s and Mode Structures

- n=13 peeling

Very Narrow =>
| Small ELMS ?

-n=8, coupled peeling-
- ballooning mode
Peeling component

Predicted in Different Regimes

Radially Extended =>
Large ELMS ?

\

n=6 balld ning

i

098 099

' gin
] '“'OWE»»?
. U nq abl e M= s e e e
A 0.08 - 0.2 04 06 O.qE; 1.0
I_>
V
2906
I—JBO y 7 ® JET-like equilibria
' I:. - OELITE Results
0.02 -
0 . . .
0 1 2 3 H.R. Wilson, P.B. Snyder

T. Osborne, HMWS03 35



Extent of ELM affected region correlated with PB mode
radial eigen function width

Observed AT, /T, across ELMs  Calculated eigenmode structure

150 e
] L B J 302
| 97887 Sl
1001 T t=2200-2400 =
i £ ol
0.6 ] F
[ g
S50f 04 % 02f
I o ¢
[ g i
02 O o1l
=
or ool . tmE
0.2 0.2
-50f @ Predicted radial mode width consistent with ELM
affected area, both extend beyond pedestal
_100t @ Mode localized on outboard side, consistent with
observations in divertor balance experiments
o 1o 0] T U Y P P T &

100120140160180200220240

L.L.Lao, P.B. Snyder —B11 %



ELM size (energy loss) correlated with peeling-ballooning
eigenmode radial in JT-60U high triangularity discharges

@ Giant ELMs ~ 100 Hz, small amplitude “grassy”
ELMs ~ 500-1000 Hz

@ At intermediate 0 and g4 mixtures of giant and
grassy ELMs

@ Unstable edge modes in grassy elm discharges
have narrow radial mode width (ELITE Code).

E3ed 2,07, dyge0.8, beld8, i =17, 1280 E22848 307, quebd, iwQ47 fel 7, 1LAMW  E32511. 361, ygebl), mllA8, fuml 8, 15.0

b

0,7 fau

L el L :,_'

. Bl 1. . B

E37s80, .67, iy el 6, inll 32 ji~18,

b) i mixture I l;m grassy
Lo - L i I P i
lime L i
0.6

= mixture

\":".

£ ol 0

£32234. 211 yedd, 3021, el B ALTMW & p ) .

a.
E42510. 261 gueei 1, 0=017, =1 8 11.0MW

3 L @ T
3 i gian E/ny / giant
-
o : . . 0 3 | A
5 fma & G5 . fime i

LL.Lao, et. al, Nucl. Fusion, 41 295 (2001).

T. Osborne, HMWS03

" Giant ELM
“ n=13

05 07 09 1.0
Yn

- Grassy ELM

. n=13 |
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Reduced AW /Wpep at high n, v.correlated with reduced
mode width from increased mode number and reduced A

| ' ' ' 200 2
600 _ 140 [ X Stoble 4<n<31 EL|TE CODE
ELM Toroidal |+ Unstoble -
A i i
n=5 Limit Mode Number 15[ = ]
Co=1.2D, N~7  + 4
o .+'++’
+
400 + Cboot=1'oi n~1o
S‘ |

L coy=0.75, n~19

c,,(,,,l 0.5, n>~30 §

200 R
T Xt Co=0.25, n>~30 k
Lot Cra=0.0, n>~30
\
0 5 10 15

P (10° Pa/Wb)

PED dP/dy dP/dy
' n, /nGW= 0.52 PED

n n_ /nGW= 0.74
o AWELM/ %EDZ 0.2

o DISPLACEMENT |

D2 |

0.80 0.85 0.90 0.95 1.0¢ ) BO ) 85

T. Osborne, HMWS03



Expansion of the A, at low B with increased Ay may lead to
increased A, and ELM size.

jﬁgﬁ@%@ﬁ' B +'P'F\"O'F'IL'E'S'J'U'S"I' BEFORE 'ELM | _ _
< Firtt ﬁm W L i @ Eigenmode width of
*ﬁ* %”ﬁﬁ ., +——B=10 . .
_ 12 SRR _ iIntermediate n PB mode
IB“ (kPa/ 21 : :
1 Feeam)  Nea g o is correlated with ELM
ol ,, | size.
| @ Eigenmode width
1623 eV . | Increases with the extent
o P of the steep gradient
mﬁ&&f&ﬁg%ep% L A region.
oOf wertrr we ; SN I st ++++ - ]
R @ At low field (low density)
- ne¥3ad0md ) g where neutral
— ' ————==  penetration is enhanced
ﬂ R 4 compared to 12 % at
IARL: . .
7. 83 (keviT?3) Wl high field.
oL, .. .018 ......... 01.9 ....... L .10. R




Reduction in AW, /Wpgp at high n, mainly due
to reduced conductive loss

Conducted ELM Energy: nAT. Convected ELM Energy: TAN.
AT/T decreases with increasing n An/n relatively fixed with n
<~YrT—rTrrrrrrrrrrrrrrrrrrrrrroo T r T 020 ———7 7 7 T T T
o r e (=3.9 | =1.2 MA 1 r ® (=3.9 Ip=1.2 MA 1
SRS ¢ q=3.11=1.2MA] i ¢ q=3.11=12MA
(6 0% @ . A o= 25"2°MA i A q=251 =20 MA |
g 0.15 ~~0 S - 0.15 |
w TIRN 2 [ o
S * ., u *
< «® sz * % : .
° ¢ ¢ 4
gom f - sssz.‘ . E o o o . "‘ e
g ’Oo .:zg * ¢ % oo 22, 2 ‘ 2. % 0 o
© 0.05 -— “ “ ~~.“000 * —- 8 0.05 -_ “‘ % A A ‘ .x‘ ’1
| °, » . ] I . AS Q‘@, ®
‘Q { L 4 T + ¢ “ “
: AN 1 i ¢ e 7qe oo
0.00 ] ‘& ~-‘—‘—'—?—‘— T T‘ ........
0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 0'000_20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
ne,ped/nGW n /n

e,ped GW

@ Do SOL conditions play a role in setting ELM energy loss ?

= Very high parallel conduction along field lines => energy loss may be
limited by conduction through sheath at divertor plate

ATIT ~ (Te T TY2np0Mpeps Terw = T=LePVics
= But also particle loss should change An/n (TELM-T”)T1/2

A.W. Leonard



Non-linear ballooning theory: a model for ELMs

i@ Non-linear evolution of ballooning modes previously studied in situations with “ends”
of the field lines fixed

@ In new work field line can wrap many times around (ie is effectively infinitely long)

@ Explosive growth of a “finger” is predicted at some time t=t,, but the rate depends on
shape through the Mercier stability index, D,,

@ A possible model for the ELM is Radial digpmcement
A ballooning mode, destabilised in u =168
the pedestal, results in a hot finger ] t =10.6982
of plasma which pushes out into
the SOL

Heat leaves the finger (eg by
diffusion or reconnection),
deposited in the SOL

The effect of the magnetic shear in
the SOL would be to spread the
heat load more uniformly onto the
targets (toroidally)

H. Wilson Non-linear mode structure in the two coordinates

perpendicular to the field line, the structure is extended
T. Osborne, HMWS03 al ong the field line 41




Preliminary case study of edge instability dynamics with BOUT (I)

ion density(x,t)

ion density(x,y), t=105

ion density(x,z), t=105

0.003201

-0.003374

ity(x,y), t=

@ High density, DIII-D
LSN case, 0.9 << 1.1 N

@ Initial growth phase
and saturation followed
by fast burst

@ Mode becomes

0.00946

<0.009048
-18.4

separatrix

1 : ) Separatrix (D) toroidal .
poloidally localized to poloidal outer L s = L0 s
outer midplane and fon densyfiyl, b=3s6 = lon densitybx2), t=396

extended radially

@ Mode evolves toward
lower n; becomes
toroidally ragged

3.552
0.9652

P.B. Snyder, X.Xu

-1.128
-18.4

B11-E11

T. Osborne, HMWS03

separatrix

toroidal

poloidal gyter

midplane SoL radius

63 18.57 502.7 18.57



Transport simulations including ELM show importance of mode radial
extent and propagation of the unstable zone

Gaussian ELM perturbation, Ap = 0.07~ 2xETB width (PB-mode)

ELM perturbations deeper in the plasma drive larger lower frequency ELMs
Transport from inner surfaces drive outer surfaces over the stability limit
Unstable outer surfaces keep mode growing on now stable inner surfaces

ELM perturbations with initial large amplitude close to the separatrix result in

continuous transport rather than ELM

x, Im?s]

3000 ELM Perturbation at p = 0.92 :Z:
2000 =l
NS
0;ELM‘Perturba ion at p=0.95 \(i" 2 ?
15 N ] E———————
10- E o7 16 (d)]
L L nh H|||H|hH|MI|4H|4H< i L |
“ELM Perturbation at p=0.98 E ls | 4
1(5)Top of ETB at p = 0.935 i
T
of E

60.8 61.0 61.2 61.4 610016 610022 61.0028 60.647 60.649 60.651  60.653
t[s] tis] tis]

— p=09% — p=096 p=0.98
J. Lonnroth — C14 — p=095 p=097 p=0.99

T. Osborne, HMWS03 43



Understanding Type | ELM Effects

@ Linear eigenmode width correlated with ELM size but
nonlinear simulations show mode becomes radially
extended with structure not closely related to linear mode

@ SOL physics might also play a role in ELM energy loss

@ Transport simulations including ELM models indicate
transport during the ELM can spread the region of
iInstability

A full understanding of Type | ELM loss will require
nonlinear stability physics coupled to a transport
simulation

T. Osborne, HMWS03



Small ELM Regimes

@ Type lll ELMs: Most tokamaks
@ Type Il ELMs: AUG, DIII-D
@ Grassy-ELMs: JT-60U

45



Type lll ELMs: Something to avoid ?

150
ITER SHAPE, g86=3.2, Ip=1.6, Thomson Scattaring Data
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T. Osborne, HMWS03

P/PCRIT-T\’:’»

Low and high n,

AW < Type | at
same n,

P'pepr Ppep => H
reduced on low n,

branch

consistent with Typ
| scaling

Medium n, slowly
growing precursors

HQE

0.8

0.6

High n, - JET

H reduced at high n

Do

0.4

Full symbols: Type | ELMs &

Open symbols: Type Il ELMs %

| | | | 4
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G Saibene — B22
Phys.Control.Fusion 44,1769

R. Sartori, submitted to
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Transition conditions from Type lll to Type | regimes

consistent with suppression of RIF instability

Ve, g suppression of
resistive interchange
instability with magnetic
flutter consistent with

2 1 -2 2 12
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2 617 2417 p 4175 1007, 5 817 12/17
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400 . oo _ -~ =
Type Il ELM ot - _ \ T T
3 | N NN o\ Magnetic shear important
- Oe s — — —_—— —] \ e
=2 NOEL e I NI
/ggq .(;:?O....'.. ) /Y\ —~ _— ‘T)ﬁmﬂﬂs_ — c— -
200F L7 PSR A N w e Yu. lgitkhanov,
Va 80 D=- QO [ )
__________ a ® o o °
_// CC))OQ%)?%) © Radiative unstable zone 4 %%"~‘- T - — - — Contrlb Plas Phys 40 368.
0 / ° . c s s ’ ’
L-MODE
0 L-MODE Data adopted from Kaufrem et l., |AEA1996 ! Data from: A. Hubbard et al. 16th IAEA, Montreal, 1996; IAEA-CN-64/AP2-11 R. Sartorl, Submltted to PPCF
T .- o7 ° T ] 10 20 30
TypeIV LMs ® .... L4 L4 DI”-D 19 -3 u. Igitkhanov, 3500
® F’ o, % Type | ELMs n, (10 m ) Y lodenon 1992 m  Type lll Eims, B, = 3.4T
800 | . ‘.\" - ..o'. e = Type Ill Elms, B=2.4T
% ool ." . .. . ° - D”ft 'Alfven inst 3000 — &— Type Ill Boundary (predicted)
\o® °®
Lo [V & ¢l o O L-mode prior 2500/
400 L \.’.O:;':' o\ ELMy-free region_ - -~ - transition = 2000
- ‘;Q.fggoggo ST TypeineLws_| e Typelll ELMs G
9 © ° "..’. R . . % N
PPN 08%@9_:’:.{5::{.'__‘__ IRF..InSt +® 1500
0 L-MODE . . Fadiative unstlable zone - COHIS- boundar)ﬁ 1000
0 2 4 6 8 1 o Typel
n (1019 m—3) Yu. lgitkhanov, 1999 500 = R
0 | | | g
0] 2 4 6 8

T. Osborne, HMWS03

Ne ped (10*°m™3)

47



g dependence of high n,type lll boundary is
more consistent with resistive ballooning

@ T.g7 does not vary with g in a By scan on JET while RIF model
predicts a significant change

@ Data consistent with Chankin, Saibene! resistive ballooning mode
scaling, N, o;~B+f(s)/q ¥4 R 34 Z .

3000 Type Ill EIms 10
mq=258 q=2.63 q=3.6
25001 l-?—=4.|52| q=4.7 or JET
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P _ oo
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T. Osborne, HMWS03
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Type Il ELMs (ASDEX-Upgrade)

Pulse 14521

3_
@ Peak divertor heat loads
significantly reduce |
compared to Type | ELMs "
@ Requirements 0 Pl
: - // T%g(s)
= High 0>0.35 ‘</18MVV/m2/” O \<6M\Al/m2
- ngher q95 > 35 ) . P y \ outerdlvertor

= Near double null
operation, drsep < 2.0

= Higher density
> 0.5 ngy

power density MWim 2

O. Gruber, IAEA 02

“Rm)
T. Osborne, HMWS03

49



Type |l Edge Stability

Type |l discharge which is closer

@ High g and closeness to :
g to Dnull has narrower eigenmode

dnull narrows PB eigenmode

I I I 1 : .
@ High density moves to higher E—ry
n also narrowing PB 091 = - #15863 type Il ELM
eigenmode. | L
0.7t )
06 n:8 ]
P 057 I
T UNSTABLE e 04l
. ‘ot i
= ’ @ 0.3
E /./ oo\' 02r
il X80 0.1F

0.9 0.92 0.94 0.96 0.98 1

S. Saarelma, NF 43, 262

/’
T. Osborne, HMWS03 p PED 50



Type Il ELMs become more frequent and Type | ELMs
more irregular and smaller amplitude as density is raised

@ As n, increases discharge goes through mixed Type I, Il phase
@ On AUG HF magnetic fluctuations associated with Type Il
@ Type | and Type Il in different regions of pedestal ?

. 109741 110758 110764 109763 Strong Shaping
- 1n/ng,=0.5, AW,

Peeling
Unstable

Jped

Ballooning
Unstable

Weak Shaping
Stable

P'ped

2800 2820 2840 2860 2880 2900 2920
TIME (msec)

T. Osborne, HMWS03 51



ELM size (energy loss) correlated with peeling-ballooning
eigenmode radial in JT-60U high triangularity discharges

@ Giant ELMs ~ 100 Hz, small amplitude “grassy”
ELMs ~ 500-1000 Hz

@ At intermediate 0 and g4 mixtures of giant and
grassy ELMs

@ Unstable edge modes in grassy elm discharges
have narrow radial mode width (ELITE Code).

E3ed 2,07, dyge0.8, beld8, i =17, 1280 E22848 307, quebd, iwQ47 fel 7, 1LAMW  E32511. 361, ygebl), mllA8, fuml 8, 15.0

b

0,7 fau

L el L :,_'

. Bl 1. . B

E37s80, .67, iy el 6, inll 32 ji~18,

b) i mixture I l;m grassy
Lo - L i I P i
lime L i
0.6

= mixture

\":".

£ ol 0

£32234. 211 yedd, 3021, el B ALTMW & p ) .

a.
E42510. 261 gueei 1, 0=017, =1 8 11.0MW

3 L @ T
3 i gian E/ny / giant
-
o : . . 0 3 | A
5 fma & G5 . fime i

LL.Lao, et. al, Nucl. Fusion, 41 295 (2001).

T. Osborne, HMWS03

" Giant ELM
“ n=13

05 07 09 1.0
Yn

- Grassy ELM

. n=13 |

52



Small ELM Regimes: Summary, Conclusions

@ Type Il and Grassy ELMs pass through phase where
small ELMs are mixed with Type |

Unclear how this would fit into PB picture

Small ELM more edge localized where Jg¢ is small,
shaping is strong and ballooning limit is low ?

Perhaps Type II, Grassy another instability as
Type Il ?

Same type of behavior observed in ergodic limiter
discharges on DIlI-D

@ Low density Type lll has lower pressure at low g than
Type | but perhaps high density Type Il may scale to
ITER

T. Osborne, HMWS03 53



ELM free regimes without impurity
or density accumulation

@ EDA-H-mode: CMOQOD, DIII-D (transient),

@ QH-mode: DIII-D (Burrell — B15), Asdex-Upgrade
(Suttrop — B17), JET (Suttrop — B17), JT-60U ?
(Sakamoto — D6)

@ HRS-H-mode: JFT-2M (Kamiya - B14)

T. Osborne, HMWS03



K. Kamiya-B14

Increase D, level
in divertor

Frequency

Toroidal mode
number

Energy
confinement
Particle
confinement

Dependence on
q95

Dependence on &

Dependence on n,

Dependence on
neutrals
Heating

Compatibility with
ITB

EDA (C-Mod)
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60-200 kHz

n=1

Hggp~1.9

t 2-3t,

impurity~

Qgs>3.7

EDA: 0.35< 6 <0.55
ELM-free: 6 <0.35

and 0.55< d
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pressure
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Lower density and
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cryopumping
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Yes (QDB)
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Favored at high
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NBI
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ELM free QH-mode with edge harmonic oscillation
(EHO) has high H and no density accumulation.
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QH-mode discharges have large E, wells

@ p’in QH-mode comparable to ELMing H-mode

, i CER Data
@ E well very large in QH mpde - 50 FELiires (co-NB)
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ELM free regimes

@ ELM free regimes associated with an edge instability
that prevents density and impurity accumulation

@ In EDA transport (possibly from the QCM) keeps the
pressure gradient below the PB-mode limit

@ In QH-mode pressure gradients are similar to ELMing
discharges

Is the EHO a saturated PB-mode ?

Is the high V¢, shear involved in stabilization of
the ELMs ?

T. Osborne, HMWS03 58



Summary, Topics for Discussion

@ Transport barrier width
Indications that edge density profile is set by edge neutral source

Unclear where ETB is also controlled by edge neutral source

Dimensionless scaling experiments and AUG n, =2 suggest neutrals
do not control ETB but better neutral modeling or measurements
required to resolve this
Transport modeling including turbulent transport codes extended to
pedestal becoming a reality.

Need database of good experimental data through ELM cycle including
good estimate or measure of edge current

Need to put accurate global MHD constraints into transport codes — or
possible fitted expressions from a database of stability calculations

@ Edge Stability

P-B model for edge stability is consistent with experiments and
Imposes constraints on pedestal height, which are strong functions
of pedestal width, A, and plasma shape - MAJOR SUCCESS !

T. Osborne, HMWS03
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Summary, Topics for Discussion

@ Type | ELM size

The connection between mode width and ELM size is interesting
but nonlinear phase of the instability has much different structure.
Presently unclear how the nonlinear development would be tied to
the linear structure

SOL physics may play a role by limiting the heat flux through
sheath formation at the divertor plate

More work needs to be done on basic scaling
@ Small ELM regimes

Type Il and Grassy ELMs appear as mixtures with Type |. How
does this fit into the stability picture ?

Are any of the small ELM regimes scalable to ITER
@ ELM free regimes

A continuous mode near the separatrix appears to be required for
density control.

How are these continuous modes related to the ELM instabilities ?
Type | precursor < EHO ?, Type Il HF fluctuation <~ QCM,modes
between Type | on AUG ?

T. Osborne, HMWS03
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Peeling-Ballooning Stability Plus Core Transport
Simulations Sets Minimum Barrier Width
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P.B. Snyder
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@ ELITE code results for
simplified equilibrium
and Sauter model g, .-

@ Stability + temperature
requirement for core
confinement =
minimum transport
barrier width

@ Existing experiments
have widths in the
required range

—STABILITY + GLF23 @ Q=10=> Ay ppane/d = 2.5 %
STABILITY + MM @ Q=10 => Ay pp ane/@ = 1 %
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HRS-H-mode on JFT-2M associated with
magnetic fluctuations
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